B-cell-to-T-cell signaling can shape helper T (Th) cell responses. During infection with
Repetitive stimulation of naive CD4
ϩ helper T (Th) cells in vitro leads to the development of two major types of mature Th cells, which are defined by the type of cytokines they secrete. Th1 cells secrete gamma interferon (IFN-␥) and tumor necrosis factor beta, while Th2 cells secrete interleukin 4 (IL-4), IL-5, and IL-13 (1, 28, 29) . During chronic immune responses in vivo, polarized Th responses develop and promote different effector functions. Th1 cells aid phagocytic immune responses, while Th2 cells aid nonphagocytic immune responses. The type of Th response that predominates can be a critical determinant in the outcome of many infections (1, 29) .
Many factors which can bias Th differentiation have been identified. Foremost among these are cytokines (1, 29) . IL-12 present during the priming of a naive Th cell effectively induces a Th1 response (16) , while IL-4 induces Th2 differentiation (24, 46) . In addition to cytokines, other factors, such as costimulatory molecules and the strength of T-cell receptor stimulation, can influence Th cell differentiation (4, 6, 14, 30, 47) . All of these factors can vary depending on which type of antigen-presenting cell (APC) activates a Th cell. It has, therefore, been postulated that the type of APC may affect Th differentiation.
By presenting antigen directly to Th cells, B cells can potentially influence the Th response. Interaction of B7 and CD40 on B cells with CD28 and CD40 ligand, respectively, on T cells may be required for the acquisition of helper function (25, 49) . Additionally, antibodies secreted by B cells alter the epitopes presented to Th cells (2) and activate other cells which may influence the Th response (3). To examine the importance of B cells, mice have been rendered B cell deficient either by antibody depletion (9) , by T-cell reconstitution of SCID mice (38, 45) , or by genetic disruption of the immunoglobulin (Ig) locus (5, 19) . In the absence of B cells, immunization with protein antigen yields Th cells which are less able to provide help for B cells and produce less IL-4 (26). In addition, targeting of antigen to B cells augments T-cell help for other B cells (44) . This suggests a model in which APCs augment their own function by promoting the growth of particular Th subsets. Such a model is also supported by in vitro studies demonstrating that Th1 clones are optimally activated by adherent cells, whereas Th2 clones are optimally stimulated by B cells (8) . However, the influence of the APC on the Th response during an infection has been less studied. In this report, we characterize the role of B cells during infection with Leishmania major.
The outcome of infection with L. major depends on the type of Th response generated (32) . IFN-␥ produced by Th1 cells induces infected macrophages to kill the intracellular parasites. Most mouse strains generate a Th1 response to L. major and are therefore resistant. BALB/c mice, however, mount a Th2 response, which is unable to restrain the growth of the parasite (32) . If B cells are required for the generation of Th2 responses during L. major infection, then BALB/c mice lacking B cells might be expected to mount a protective Th1 response by default. In fact, anti-IgM-treated BALB/c mice are resistant to L. major (40) , and BALB/c X-linked immunodeficient (Xid) mice, which lack the B1 subset of B cells, display enhanced resistance to L. major (13) . We have examined the Th response of mice harboring a targeted disruption of the IgM locus (MT) during infection with L. major. We found that MT mice from a resistant background were capable of controlling L. major. In contrast to predictions made from other experimental approaches, we found that MT mice on the BALB/c background were susceptible to L. major infection and developed a Th2 response. Thus, during L. major infection, B cells are not required for polarized Th subset development.
MATERIALS AND METHODS
Mice. Experiments were performed with MT mice on the C57BL background (C57.MT) (19) or MT mice generated by intercrossing mice which had been backcrossed five times to the BALB/c background. Flow cytometry was used to confirm the absence of B220 ϩ cells in the peripheral blood of MT mice. Littermate MT ϩ or commercially obtained (Jackson Laboratories, Bar Harbor, Maine) wild-type mice were used as controls. Mice were housed in a specificpathogen-free environment prior to infection and were maintained on trimethoprim-sulfamethoxazole-treated water. All work was performed in accordance with The University of Chicago guidelines for animal care and use.
L. major infection. L. major (WHOM/IR/Ϫ/173) was passaged in BALB/c mice and maintained in vitro for no longer than 2 months prior to infection. Each hind footpad was injected with 10 6 metacyclic promastigotes, and footpad diameter was measured weekly with a metric caliper. Animals were sacrificed 4 to 10 weeks after infection and individually analyzed. Quantitative parasite cultures of feet and spleens were performed by homogenizing tissue in 3 ml of complete M199 media (20% fetal calf serum, 2 mM L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml). Aliquots were serially diluted across 96-well plates. Wells were examined for the presence of motile parasites after 2 weeks of culture at 26°C. Cytokine analysis. Single-cell suspensions were prepared from draining popliteal lymph nodes of L. major-infected mice. Antigen-specific cytokine secretion was determined by culturing 5 ϫ 10 5 cells with soluble Leishmania antigen (100 g/ml) and 2 ϫ 10 6 irradiated (2,000 rad) major histocompatibility complex (MHC)-matched splenocytes in 96-well round-bottom plates. Where indicated, draining lymph node cells were depleted of B cells prior to analysis by incubation with anti-B220 monoclonal antibody (MAb) and magnetic beads (PerSeptive Biosystems, Framingham, Mass.). Supernatants from the restimulation cultures were removed at 48 h and analyzed for IL-4 and IFN-␥ production by an enzyme-linked immunosorbent assay (ELISA) using commercially obtained antibody pairs (PharMingen, San Diego, Calif.). For direct ex vivo analysis of cytokine transcripts, RNA was extracted from B-cell-depleted lymph node samples with TRIzol Reagent (Gibco, Gaithersburg, Md.). RNA was reverse transcribed by using random hexamer primers (Pharmacia, Piscataway, N.J.), and semi-quantitative PCR was performed as previously described (33) . Briefly, cDNA was amplified in the presence of a polycompetitor construct that contains addition mutations of authentic cDNA. When these cDNAs are resolved on agarose gels, the higher-molecular-weight bands provide an internal standard for the relative amounts of the lower-molecular-weight experimental cDNAs. Concentrations of cDNAs were adjusted by using the housekeeping gene hypoxanthine-guanine phosphoribosyltransferase (HPRT) prior to analysis of lymphokine gene transcription.
RESULTS

B cells are not required for control of L. major infection.
To assess the role of B cells during infection with L. major, we first determined whether B cells are required for control of infection. MT mice from the genetically resistant C57BL background were infected with L. major in the hind footpads, and footpad diameter was measured to assess disease progression. Wild-type C57BL and BALB/c mice served as resistant and susceptible controls, respectively. C57.MT mice, like wildtype C57BL mice, developed far less footpad swelling than BALB/c mice ( Fig. 1) . Resistance appeared to be long-lived, as mice infected for as long as 24 weeks did not exhibit any enhancement of swelling at later time points (data not shown). Some MT mice (2 of 15) did develop substantial footpad swelling, reaching footpad diameters greater than 3.5 mm; however, all lesions eventually resolved, and similar lesions were also observed in 1 of 10 wild-type C57BL mice. In contrast, all of the 22 wild-type BALB/c mice developed lesions which did not resolve. Similar results were also obtained with MT mice bred to the resistant C3H and DBA backgrounds (data not shown). Consistent with the healer phenotype, PCR analysis of the draining lymph nodes from C57.MT mice revealed a Th1 cytokine profile (data not shown). These results support the previous finding that SCID mice reconstituted only with T cells control L. major as well as mice given both B and T cells (50) . Thus, B cells are not required for resistance to L. major.
B cells are not required for generation of Th2 responses to L. major. To determine whether B cells were required for the generation of Th2 responses to L. major, C57.MT mice were backcrossed five times to the genetically susceptible BALB/c background and intercrossed to produce BALB/c B-cell-deficient mice (BALB.MT). These mice were infected with L. major, and footpad diameter was measured over time. Extensive footpad lesions were apparent in both BALB/c and BALB.MT mice ( Fig. 2A) . In total, 28 of 30 BALB/c mice and 27 of 29 BALB.MT mice exhibited footpad diameters greater than 3.5 mm, compared to 2 of 18 wild-type C57BL mice. Furthermore, none of the lesions from BALB/c or BALB/MT mice resolved. In some experiments, however, the rates of lesion development for BALB/c and BALB.MT mice differed slightly. In four of nine experiments, lesions developed at similar rates, ( Fig. 2A) , but in the remaining experiments, BALB.MT mice developed lesions approximately 1 week later than wild-type mice. Despite this, parasite loads in feet and spleens were similar for BALB/c and BALB.MT mice and were greater than those observed in C57BL mice (Fig. 2B ). These results demonstrate that B cells are not required for disease susceptibility in BALB/c mice.
Because C57.MT mice exhibit normal control of infection with L. major, it was unlikely that BALB.MT mice were susceptible because of the lack of B cells. It seemed more likely that BALB.MT mice, like wild-type BALB/c mice, had generated a nonprotective Th2 response. To test this, mice were sacrificed at the onset of lesion development, and cytokine production was measured in cultures of draining lymph node cells stimulated with L. major antigens. Although the time required for the onset of lesion development varied between infections, this did not alter the pattern of cytokines observed. When no exogenous APCs were added, cultures from BALB.MT mice produced no detectable cytokine (data not shown). When irradiated splenocytes were included as a source of APCs, cells from BALB.MT mice displayed a cytokine profile similar to that of wild-type BALB/c cells (Fig. 3A) . They produced high levels of IL-4 and low levels of IFN-␥, characteristic of a polarized Th2 response. In contrast, cells from resistant C57BL mice produced low levels of IL-4 and high levels of IFN-␥, characteristic of a Th1 response. We obtained similar results regardless of whether unfractionated or B-celldepleted lymph node cells were stimulated with irradiated APCs and antigen (data not shown). Furthermore, all cytokine production was dependent on Th cells, as it could be completely blocked by the addition of anti-class II MAb to cultures (data not shown). While some cultures from BALB.MT mice yielded lower levels of IL-4 than wild-type BALB/c cultures, we never observed a switch to a Th1-dominated response. Furthermore, the slightly reduced levels of IL-4 did not correlate with the delayed onset of lesion development observed in some infections. This is consistent with results demonstrating significant Th2 polarization but slightly decreased IL-4 production after infection with Schistosoma mansoni (18) . Thus, the modest influence of B cells on Th2 development is insufficient to alter the clinical course of L. major infection.
Because APC variation can affect the Th response in vitro (8, 12, 26, 44) , we also measured cytokines directly ex vivo. Bcell-depleted draining lymph node cells from infected C57BL, BALB/c, and BALB.MT mice were assayed for cytokine transcripts by competitive reverse transcription-PCR (RT-PCR). In agreement with the results from cells restimulated in vitro, BALB.MT cells expressed slightly less IL-4 mRNA than Bcell-depleted lymph node cells from BALB/c mice; however, IL-4 expression by both groups was significantly higher than that by C57BL cells (Fig. 3B) . Both BALB/c and BALB.MT mice displayed a Th2 pattern of cytokine expression, with more IL-4 and less IFN-␥ mRNA than C57BL mice. Uninfected Bcell-depleted lymph node cells from wild-type BALB/c mice examined for comparison produced lower levels of cytokines than infected lymph nodes. Unlike results obtained by in vitro restimulation, in which exogenous APCs were required for cytokine production, these results demonstrate that sufficient activation occurs in vivo to induce a polarized pattern of cytokine transcription. Thus, B cells serve a unique function during the recall response in vitro which is not essential for the elicitation of cytokines in vivo. Together, these results show that BALB.MT mice are susceptible to L. major and that susceptibility correlates with a Th2 response.
DISCUSSION
Because they express cytokines, MHC class II, costimulatory molecules, and immunoglobulin, B cells can influence Th cell development through direct interactions or by altering the function of other accessory cells. In this study, we examined the influence of B cells on Th1 and Th2 development during the immune response to L. major. We find that B cells are not required for resistance or Th1 development after challenge with L. major. Using MT mice bred to the BALB/c background, we also demonstrate that the absence of B cells does not prevent mice from succumbing to the infection. The susceptibility of BALB.MT mice does not likely reflect a requirement for B cells in controlling L. major infection, since MT mice on the C57BL background control infection normally. Furthermore, assessment of the cytokine profile by two methods reveals that susceptibility correlates with the generation of a Th2 response. Thus, the genetic polymorphism(s) underlying the distinct disease outcomes of BALB/c and C57BL mice does not require B cells for its manifestation. These results are consistent with previous reports showing efficient Th2 development in the absence of B cells (7, 10, 20, 39) .
Our results differ from earlier findings that B cells contribute significantly to susceptibility to L. major (13, 40) . The disparate results may be due to the methods used to obtain B-celldeficient mice. Both BALB/c mice that have been rendered B cell deficient by repeated treatment with anti-IgM and BALB/c Xid mice, which lack the B1 subset of B cells, display enhanced resistance to L. major. Both types of mice, in contrast to MT mice, have a unique array of circulating antibodies which may alter the response of Fc receptor-bearing cells. In addition, anti-IgM-treated mice may develop T-cell responses to the injected antibody, which in turn may bias the Th response to L. major. Another study, however, demonstrates that BALB/c mice treated with anti-IgM MAb are susceptible to L. major, suggesting that the outcome of infection may depend on the source of antibody used for B-cell depletion (48) . To explain the phenotype of Xid mice, it can be reasoned that the selective loss of B1 cells, compared to the loss of both B1 and B2 cells in MT mice, results in impaired Th2 function. Alternatively, the Xid mutation may result in unrecognized effects on other cell types. Finally, it remains possible that MT mice have developed compensatory mechanisms which allow for Th2 differentiation in the complete absence of B cells.
Much of the controversy surrounding the role of B cells as APCs stems from variation in the methods used to study Th function. Initial studies examining mice immunized with protein demonstrate decreased proliferative responses of unfractionated lymph node cells during in vitro restimulation (17, 35, 37) . Because lymph nodes were unfractionated, results may reflect a role for activated B cells during the in vitro response and not during the in vivo priming. To eliminate this problem, purified Th cells from antigen-primed mice have been stimulated in vitro with antigen and exogenous APCs. When the proliferative response is measured, some groups find that Th cells from B-cell-deficient mice proliferate less than Th cells from control mice (11, 21, 25, 36) , while others find Th cell proliferation to be normal (7, 26, 31, 45) . Even when proliferation is normal, however, Th cells from protein-immunized Bcell-deficient mice still manifest suboptimal IL-4 production and helper activity (26) . Thus, in response to in vivo protein immunization, Th2 responses may be more sensitive to the absence of B cells than proliferative responses.
To determine whether B cells bias the Th response during disease induction, a number of different disease models have been studied. During infection with Trypanosoma cruzi, Xid mice show enhanced resistance to disease accompanied by a decrease in IL-10 production (27) . In a mouse model of malaria, MT mice appear to be selectively deficient in the development of IL-4-producing T cells (22) . During experimental autoimmune encephalomyelitis (EAE), targeting of antigen presentation to B cells enhances Th2 responses and lessens pathology (41) , while the absence of B cells weakens Th2 responses and augments pathology (51) . In contrast to these disease models, during allergic airway sensitization (10, 20) or after injection of schistosome eggs (7), the Th response is only modestly affected. This may result from an ability of certain stimuli to override the influence of B cells by actively directing Th1 or Th2 differentiation, while "neutral" stimuli may be more sensitive to the loss of B cells. Consistent with such a model, Nippostrongylus brasiliensis or S. mansoni, pathogens which normally induce a highly polarized Th2 response, also incite Th2 differentiation in the absence of B cells (7, 39) . Also, addition of recombinant IL-4 during in vitro differentiation drives efficient Th2 development regardless of which APC is used (15, 42 (32) , antigen presentation by B cells may be relatively insignificant. This may explain why the absence of B cells has little effect on Th cell priming or disease outcome. Thus, during an immune response, the site of T-cell activation or the predominant APC type may determine whether B cells are required for efficient immunity.
The duration of the immune response may also determine whether B cells play a significant role in immunity. Antigen presented by B cells can stimulate previously activated Th cells but cannot effectively stimulate naive Th cells (38) . It has been suggested that other APCs initiate the immune response in vivo, and B cells serve to shape the late response (37, 38) . In support of this concept, the early responses to EAE induction (51) and Plasmodium chabaudi chabaudi infection (22) A practical goal of immune-based therapy is to minimize pathology by influencing the Th response. To this end, targeting antigen to specific APCs has been shown to have some therapeutic value (41). Our results demonstrate that B cells are not required for the polarized clinical outcomes of L. major infection. Therefore, the ability to bias Th responses may be limited by the particular characteristics of the immune response.
